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OPFICB OP NAVAL RESEARCH BRPQHT DISIRIGUTION LIST 

PAOEMO. 

52 

NOTE 

issunptlons and Uniting factors pertaining 

especially to ducted propellers are Indicated 

by underlines, per ONR letter 0NR:li61tTLU:eew 

of 1 October 1957. 
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3, 

b 

b. 

C, 

1 

DP 

ProptUtr disk ATM, ft 

Plow tm through duct, ft 

2 
ATM of vertical Uli, ft 

Th« rttlo of slipatroM are« downatrem to that of the propeller 
1.0 for ducted propellers with straight existing ducting 

e 

Activity factor 

Width of fuselage, ft 

Nusber of blades 

Thickness of duct, ft 

Nusber of ducts 

Wing span, ft 

External drag coefficient, based on disk area 

Internal drag coefficient of ducted propeller, based on disk area 
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Coefficient of lift 

Mean blade lift coefficient 
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pV2 

External drag B C-.     —*-   A, lb 
e 

Internal drag of ducted propeller ■ C,,     -*—    A, lb ui 

Ducted propeller 
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t      • OucUd propeller non-diMnsionel lift periMier - 
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I.      StltUUOf 

RUltr HtlieopUrs rectlwd Contract Norur 2199(00) fron tht Offlet of 
Naval Atsaareh to conduct thoorotlcal and prolUimnr daaign studios of 
tho application of ductod propollors as dlroct lift dovlcos for a sptc- 
lalUod vlfht-llftlng vthicle.   Work on this contract was bogun on 15 
Oetobar 1956, to bo conplatsd one year fron that data.   After several 
nonths of Investigation, It was -^icrMnod that to refine these studies 
would :e .nj^uricd wvd poaaibi^ nlslasding, Ln light of ths ^ro-M ss- 
sumtiops necessary concerning the forces and mawnts produced tw s 
ducted propeller.   For this reason the original progren was concluded 
1 June 1957. 

The aircraft design reoulrenents used for the Weight Lifter study were 
specified as follows: 

a. Vertical take-off and landing capability at a sea-level standard 
day. 

b. Ability to hover at a sea-level standard day with satisfactory 
control. 

c. Installed horsepower 20% greater than that necessary to hover, to 
allow for power needed to clinb. 

d. Powerplant and propeller specifications as expected by 1962. 

e. A mininun forward cruise speed of 50 to 70 knots. 

f. A range of aircraft sizes to carry fron 7 to 16 tons payload. 

A survey of previous studies indicated that ducted propellers are con- 
sidered to be a quite satisfactory means of powering a vertical take-off 
weight-lifter type aircraft, as their static thrust is considerably 
higher than for unshrouded propellers, thereby reducing the required 
horsepower.   Also, the Weight Lifter uses conventional components and 
construction methods wherever possible« which contributes to lower cost 
and Increased reliability.    An example of this is the use of conventional 
variable pitch propellers. 

As no mission was specified, all calculations were made on the basis of 
the hovering requirement, and the maximum forward flight speed of 150 
knots was the result of the horsepower installed to hover at an opti- 
mized disk loading.    The lack of theoretical or empirical data for ducted 
propellers in forward flight has necessitated the use of calculations 
based on momentum theory to determine the performance of the aircraft in 
this study. 
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ThU 8iu4y btgan with *n tnalyaU of flvt bailc eonri^urtiloni, described 
briefly btlo« and thoiin In FUurti 1 through 5. 

a. Two ducUd propellers, each nounied at the tip of a atralght wing 
of a conventional transport type aircraft. 

b. Two ducted propellers nounted on the fuselage between two wings, 
sliiilar to a canard design« 

c. Three ducted propellers built into a delta fljrlng wing. 

d. Two ducted propellers nounted on the fuselage, replacing wings of 
a conventions! transport type aircraft. 

e. Four ducted propellers wanted on a fuselage, replacing wings and 
tail surfaces. 

As always, the cost of an aircraft Is directly associated with its weight; 
therefore, a weight criterion for choosing a configuration In the pre- 
liainary design stage Is necessary.    In this study, an adaptation of the 
Rp Graphical Method of Reference 10 is used, translating all weight values 
to a ratio of fuel weight to gross weight, Rp, for direct comparison. 
The four basic panuaeters of this study are gross weight, nunber of ducts, 
payload, and disk loading. 

For the conventional components and equipment of the aircraft, suitable 
weight equations were adopted from previous studies.    If existing equa- 
tions did not apply, an adjustment was made by actually designing the 
unconventional component and developing a new weight equation to suit 
the provisional design. 

'Rie Weight Lifter preliminary design was determined as a result of an 
analysis of the five configurations listed above and a subsequent opti- 
mization of various parameters for the selected configuration.    The op- 
timization was based on a criterion of maximum payload ton-mile per 
pound gross weight.   The corfiguration that emerged as best Is shown in 
the Frontispiece. 

As the study progressed, it became apparent that internal cargo stowage 
would be more satisfactory than external loading.    It is now believed 
that the weight penalty for a large furselage would not be as severe as 
anticipated.    This conclusion was reached after considering that special 
cargo containers would be necessary to protect many of the types of cargo 
from weather and the strong propeller downwash and its accompanying flying 
debris during take-off and landing.    Also, the flight speeds and ranges 
possible with the final configuration are largely dependent upon a clean 
design. 
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Tht dueud proptlltrs «r« poeltlontd horlionuUy to provld« alrvci lift 
for howrliig and vtrtieal flUhi, ww «ay be tllud forMrd 55 dtgrMs 
to prorido forward propulsion as wall,   Tha eountar-routlng propallara 
ara powered through axlanslon drive ahafta by aavaral Intoreonnectad 
turboehaft anglnea nountao on U.« top of the fuaelage.   Jnly turboehaft 
powerplanta have been considered in this nUty, due to their high horse- 
power-to-wei^ht ratio.   While no specific engine nake has been assumed, 
representative weights and parfornance valuea have been used. 

The residual thrust of the turboshaft engines is ducted through the 
fuselag« boon to a thrust-diverting nottle at the aft of the aircraft, 
and provides the pitch and yaw control forces in hovering and low-speed 
flight.   The tall surfaces furnish pitch and yaw control in forward 
flight, and the residual thrust is then utilised to supplenent the for- 
ward propulsive force of the tilted ducted propellers.   Roll control is 
supplied by differential thrust of the ducted propellers, both in hover- 
ing and forward flight. 

The Itoight Lifter design has been optUized at various overall sixes to 
acconodate the specified range of payload, as shown in the following 
table.    Optüiun disk loading was found to be 150 pounds per square foot 
for all values of gross weight. 

Payload 7 tons 16 tons 
Gross Vteight 60,1400 lb 135,000 lb 
Power Required 18,200 HP u0,800 HP 
Ducted Propeller Dia. 18 ft 26.7 ft 
Range 160 n.mi. 135 n.ml. 
Max. Velocity 150 knots 150 knots 

The three-view drawlnt; sen in Figure 19 Is of a representative aircraft, 
designed to accomodate an average payload of 11 tons. 

A lack of certain theoretical and experimental information on ducted 
propellers has necessitated ^ross assumptions in the calculations in- 
volved  In this analyni.-:.    I:: order to refine this ;'.;v, .-t fu.low-^ 
vi.clo: :ro:.-!>r wlr.i Unru;!   Lent : ro/rv; has been '■•^'.^•- • v  thi:; 
contractor. 
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HllUr Htllcopum r«e«ived Coniraci Sonr a99(CC) fron UM Office of 
Naval Research to condict UM^oretical and prolUimry daalgn studies of 
the application of duct#d propellers as direct lift aevlcea for a spec- 
ialised weight lifting vehicle*   Viork on this contract was begun on IS 
October 1956, to be couple tee one y«ar fron that date,   ilfter several 
aontha of Investigation. It was Uoiomlned that to refine these etuUlea 
would be unjustified and oosslbljf idslot»aln#r. U   U^ht of i/.« /roa 
sumptions necessary concerning the forcea ana «on^ntä produced ^ a 
ducted propeller.   For this reason,  th«? original jro^raa» was concluded 
on 1 June 1957, 

This study has consisted of theoretical and analytical Investigations 
of several possible Weight Lifter configurations.   The configurations 
which appeared nost satisfactory were selected for further design studies 
to optlalie the physical, perfomance, and control characteristics.   This 
report reviews the investigations and design philosophies which led to 
the final configuration selection, and samarizes the results of the studty 
program.    Perforaance figures are presented for both the ducted propeller 
and the complete aircraft.   Weights and important details of the struc- 
tural design are also included. 

The aircraft design requirements used for the Weight Lifter study were 
specified as follows: 

a. Vertical take-off and lanaing capability at a sea-level standard 
day. 

b. Ability to hover at a sea-level standard day with satisfactory 
control. 

c. Installed horsepower 201 greater than that necessary to hover, to 
allow for power needed to climb. 

d. Powerplant and propeller specifications as expected by 1962. 

e. A minimum forward cruise speed of 50 to 70 knots. 

f. A range of aircraft sizes to carry from 7 to 16 tons payload. 

As the study progressed,  it became apparent that internal cargo stowage 
would be more satisfactory than external loading.    This is due in some 
measure to the strong downwash associated with the high disk loadings 
called for in this study.    Also, the flight speeds and ranges possible 
with the final configuration are largely dependent upon a clean design. 
Provision may be made, however, for emergency external loading of very 
bulky articles which need to be moved only short distances at low speeds, 
and for such occasions when cargo must be loaded or unloaded without 
landing. 
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It li now bcllcwd that the utlghl ptntlt^y for • large fustU^« would 
not b« as Mvort M antlciptUd.    Thla coneluaIon MM nsotal MÜALSSL: 
llölflru: thai «pocUl cargo conulnere WOMU frt HWWffif l0 iroioci 
■any of the tynoa of fiuafi fron weaUir iWt U)t iVTftM Prffllitf taBBttill 
and ita accotnylniC fljrln^ oebrla during take-off and landing.   This U 
cnj.:c.fi.... ir.r or ir^o'.t md laae^bled aquipMnt oontainlni |laai   light 
Mtala, or fabric.   A separate cargo container of this type would not 
contribute to the load-bearing structure of the aircraft, therefore, the 
total effective weight of the cargo container and alrfraae nay well be 
as great as that of the Internally loaded aircraft.. 

Only turboshaft powerplants have beer, considered In this study   due to 
their high horsepower-to-welght ratio.   While no specific turboshaft 
engines have been assuaed, representative weights and perfomance values 
have been used. 

The location of the engines has a great deal to do with the weight and 
the configuration of the alrfra«: therefore, the safety   aircraft per- 
fomance, control, and reliability of various engine locations have been 
considered In determining the optuiun Weight Lifter. 
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j.     APPROACH TO THE PHOBLBH 

).l   l\j:i*i4 Propeller ChAn»ci«rldiic 

The baaic dMl^n problesi of ihia aiudy was the Inveati^ailon of a ays- 
len of dueled propellers nounted adoal a cargo carrying fuaela^e.   A 
survey of previous studies (Refcr»nces I.  ., and )) has Indicated that 
ducted propellers ir» considered to I .lie satisfactory «eans of 
powering a vortical take-off weight ilfter type aircraft.   The lUited 
test data avalla; le on ducted propellers indicate that their static 
tj.r^i i-i considerably higher than for unshrouded propellers, thereby 
reducüwt the horsepower retired to hover.    Ducted propeller type air- 
craft offer another advruua^ in u.ai thej- ailue conponents which have 
been previously develop«-. :• extensiv« fixed wl:^ aircraft develop- 
noni rro^rams^ .    . '.vily Tow flighl hour cost per 
pound groaa weight (R 

The lack of li.eon-'tlcal or c-.piric.il >iau for Lnclirhrd uucted prorellers 
in forward ni^hl has lUtcoaai^te.l lt.c use of calculniona Sased on 
.^owentu« theon- to deteminc th.o performnce of the aircraft ir. this 
study,    -ucted i rop« 1. ichlng nowents were otjULnuu Itrgep- froa 
the Hiller Flylni; Platfom track tests (iteferencc u). 

3.?   Work SUlercnt 

Tne basic designs invcatit;ftted in thla aluo^- are briefly described as 
follows 

a. Two ducted propellers, each mounted at the tip of a straight wing 
of a conventional transport type aircraft. 

b. Two ducted propellers mounted on the fuselage between two wings; 
similar to a canard design. 

c. Three ducted propellers built into a delta flying wing. 

d. Two ducted propellers mounted on the fuselage,  replacin,; wings of 
a conventional transport type aircraft. 

e. Four ducted propellers mounted on a fuselage,  replacing wings and 
tail surfaces. 

Plan view and side view drawings of these configurations are shown in 
Figures 1 through 5. 

Preliminary design studies have been carried out to the extent that 
both hovering and forward flight characteristics of each configuration 
were calculated.    The following major design areas were investigatedi 
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i. Type and local lor. cf pow. .- 
.   Dlsi   -     :.'..■    f ".'•   i.-'rj [tsr 

b. Total power rerairei 

I. Lift 
.'. PropulMon 
3, Control forces 

c. Control noewr.ia i 

I. Hoverl 
. • orwf.ru :'. 

As no combat or ir     •   r\ w * . for the «■       I  .   fier 
5t;ciy,  the baaic design paraaei«.-   were .. -  ■     -or. 
ditlons with fill paylcao at a sea >\ rd da;   for a ^f disk 
loadings. horsepower P       n : to ncv« ••    •   iheae conu:-.       M      in- 
creased by .'Ojt 10 provide for rower '-o climb.    The -     ;ht and 
horsepower ror.lred per pound of pa;       i wer '••:   »r.a n general 
conrit-uratlon deteminod for the five Wc :ter designs through a 
nmge of disk loadings, a n iect .. below.    At this 
point,  three of these designs were elL-.inated from further Invesllgatlor 
by a preliminary analysis and comparison of gross weights, complexity, 
and general applicability to the Weight Lifter type of service.    Only 
those configurations showin,: the nest rror.ise were investigated further. 

The horsepower required for hoverln.: : lus climb wis then used to compute 
the maximum forward velocity of the aircraf». in level fii^it.    This pro- 
cedure resulted in defining two distinct type1? of aircraft   one, a very 
efficient hovering machine with a .ow disk loading    iow speed, capable 
of only short range, and somewhat lighter than the other type, which is 
an aircraft requiring greater hon;epowor 'o •.vor   but has greatly in- 
creased speed and range capabilities.    An operations research analysis 
(Reference 1) indicateri that the higher speed,   longer range design will 
perform the anticipated Weight Lifter missions much more satisfactorily 
than the low speed short range design    if the weight increase accompany- 
ing the increased performance is not too great.    For this reason   further 
design studies were performed only for the higher speed aircraft, for 
which a break-even point was eatablished between hovering efficiency and 
range to determine the optimum aircraf1-. for general service.    Stability 
and control values were then determined for the configuration designated 
by the performance optimization studies. 
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to an unshrouded propeller 
ideal Iheon • Kor convenlanca.  the 

^ ■ u for tt.' . • J propeller.    In ihla 
iheoreilcal vk   .- M     y which exfUina I 

rerha^ ^-.rrriainf; facl thai the acua, ?>üa 
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?■■■ 
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A survey of the available üta'.    ■..-.' aata for duclei propellers was 
conducted in order to cbtain a rea..  tic value of figure of merit for a 
ducted propeller of the type anticipated for the Weight Lifter.    As 
stated In Reference 5   the maximam figure of nerit of the ducted propel- 
lers tested by Krüger (Reference 6) was approximate.y 1.1$.    It should 
be noted, however,  that this propeller-shroud combination was designed 
for an advance ratio of 0.95.    It may be expected that higher figures 
of merit can be obtained by using a duct form which favors the lew speed 
range, possibly one which incorporates duct inlet f.aps (References  3 
and 6).    Tho uata of Reference "' tends to substantiate this assumption 
by indicat/Lng a figure of merit of 1,5 for a "short-cruise" shroud, 
Jther test data analyzed in Reference S also indicate a similar range of 
values for figure of merit. 

From this survey it was assumed that a counterrotating ducted propeller 
of a design suitable for a Weight Lifter type aircraft could produce a 
figure of merits  including transmission losses,  of 

^\ 1.28» 

(»Note.    In the interim between the survey of the figure of merit des 
cribed above and the publication of this report,  further studies,  in- 
cluding a conference with the NACA (Reference 8),  indicate that the max- 
imum value of figure of merit for counterrotating ducted propellers may 
be of the order of 
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AJ5 the air«cl reltlionship beiworn the fi^*r« of mm v4 iho horMpower 
UM f p ©»ch or     - »rtuow    nvt •    .-. ; 

ll »y b«? i©«n thai 4lu>rli^ U f »brU wouH not affoci ih» 
aelociion of ihe -     J.I Ufwr configuration.    A reviaion of tho 
ropra v© opiiÄu* Weight Lificr (Kl^uro 19) on ihe basis of th» 
lowtr figure of mrii r^suliel in sn incr^n^o of .0% in tho horsopower 
re^ulnnt to hovor, fro« the eiustlons of Stellen S   ihis rosuits in s 
corrosponUin^ incresa© of appro.» in im \h« ^rosa weight ef in# 

raft.    KääJW ■ Ih •- of ihe poworpUnli «nO pe 
lated co«p • ia counieracu •   ;. if..   ■■• ; : ^ . 

LnUir. iho original sroü.. - ih©      -       f ihe aircraf* 
will Jocrvas© utr rox:.-•••...    i.    r'row < it «ay b« seen 
thai  If ■  -   lower -'..:• »rH ► ll would noi greatly affec*. 
ih© characl a of ir.o Weight  L;fl«r. ) 

•jepjwer rir   . ■       •  hovering was    itcu.^teo for f air- 

ire    • ©I   »• r .red to hcver for each case was Increasel 
( •    allow for    jfflciont power l        ..- . 

3....        ••orwarJ rlit-h'. 

The performtr  -   L   ..>•. • :" r .■ v- .   :'.i^ht have been baaed „pen ©qua 
■.   v.     '.•■•:.,■'  :   ':■   '■   . r--.' .r. •:•    r\ .      ..'..     -..•••,   :  r,- /.•-■•:       r.iv     .   . .   • x. 

u«.;  .-     ■ • -                                         ir. c     ^ prcx 
r.Uy lo on», an ihor. 

Three rnolhods of obtaining a component of thrust to provide fcrward pre 
pulsion to tho lircraft were inve3tu;atcj     Method 1 consists cf tilting 
the ducted propellers forward,   the forward component of the thrust, vec 
tor provides all of the propulsive force.    Method ? allows the ducts to 
tilt forward only enough to overcome their own momentum drag, additional 
propulsive force comes from pusher propellers     Method  * has the ducted 
propellers remain fixed in the hovering position   all propulsive force 
is supplied by pusher propellers. 

As the study progressed,  the use of lifting surfaces in addition to the 
ducted propeller were found not to be practical and Method 1, propulsion 
only from the tilted ducts,  resolved itself into a force system depicted 
by the vector diagram shown in Figure ".    For this method,  the thrust 
vector must provide all lifting force and propulsive force components. 
From the vector diagram and momentum theory, 

T2      (D    ♦ D.  sin a)    ♦■  (Wn ♦ D.  cos a)"      m V '   * m'v ?m V V sin a vei Gi o e oe 
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this «quatlon can be resiue«d to 

gU il - 0.5CD )2 - e2 • eCD   • f2 ♦ 0^SCD
2 

by Introducing the nondliienelonal coefflclente 

«nd «„/A. 

The coefficient t corresponus to the lift coefficient of conventional 
lifting surfaces.   The above equation pemlts the calculation of the 
duct exit to free strears vloclty ntio, e« aa a function of disk load« 
ing» free strear. velocity, external and internal drag. 

From rsonentu« theory 

If r^ and r^ are the propulsive and transmission efficiency respectively, 
horsepower required for level flight becomes 

(HP)      -f    W(iV°      ^ f'^2 - 1)N\ 

This equation can be expressed similarly to that for hovering by the in- 
troduction of a nondimensional value, T, which represents a figure of 
merit for forward flight.    Horsepower required for level flight then be- 
comes 

(HP)^ - 

where 

^A    "^ 

= >^(Y)1,5 

e(e2 - 1) 

w 
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A e«rp«t plot of HP requirtd for l*v«l fU^hl ia shown for Helhod 1 »a 
* r«nctlon of olak loading ana foivarti volociiy In Figure Ö. For Uüa 
aludjr, n TL haa b«an aaaunao 10 ao 0,0^. 

r <   sacona siBUkoa of provlam^ forwara propulaion doscrlbao abova haa a 
aiiiUar derivation aa shown for Hathod I ami froduces ihe «xpreaalon 

«4(l -0.5C.   )    - c-   - 1 
-i 

-.jraapower ra^ulred for the dueled propeller In lev« 

HI II. .1 

/   w,yr 

•'- 
(iiL i) 

;■- 

(HP) 
W0Vo 

*3her propeller la 

' 
/ 

The forward till an^le necessar>' for the ducted propeller to overcome Ita 
own nonentun drag is given by the expression 

tan a ■ r 

It may be seen that the second method has no advantage over the first, as 
the rearward vector of the momentum change through the ducted propellers 
contributes the greatest portion of the aircraft drag.   The ducts would 
have to be tilted forward very nearly the same amount to overcome the 
duct momentum drag as for the total aircraft drag.    The calculations 
comparing the two methods show nearly identical values for horsepower 
required, and the extra weight and complexity of the powerplant and drive 
system for the pusher propellers would be a disadvantage when cornering 
methods. 

The third method proposed, which would provide all forward propulsion by 
pusher propellers, yields the expression 

1 1 - 0.5C 
Li 
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The horsepower rwjulrod for the ducted propeller io expressed by 

'«"„„ -bfe; )(^) 

:• •   ■  ■ •••   --.- rv  lired for th« ; »sher propel! 

WQVo (HP)tfpp '[rmn^ 

The total horsepower required wa^ ca.c.l »tea for this nethod using the 
sane values as those used for Methods 1 ana 2 described above.   A carpet 
graph, of total horsepower required was plotted &s a function of disk load- 
ing and forward speed in ?i^ro 9. 

A comparison between Method 1, which tilts the ducts for forward propul- 
sion, and Method 3, which uses only pusher propellers for forward pro- 
pulsion, shows the great advantage of lilting the ducted propellers for 
forward flight.    At the higher disk loadings and higher speeds, the fixed 
ducts and pusher propeller combination reiuires SO% to 801 more horse- 
power than the tilting duct design. 

An investigation of ducted propeller shroud profile shapes and chord 
lengths (Reference 6) indicated that a short-chord, thin airfoil section 
shroud was the most efficient for forward flight.    For hovering con- 
ditions, a large radius or bell-mouth inlet is the most efficient.    Re- 
cent tests (Reference 9) show that the effects of duct inlet configura- 
tion on performance at high forward speeds are less critical at high disk 
1oadings.    From these considerations, an average thickness profile shape 
was assumed for the purposes of this study.    Such a ouct could be supple- 
mented in hoverin/! with inlet flaps or a pneumatic leadin,: ed^e.    The 
data of Reference 6 indicated little change in performance for shroud 
chords as short as iBi of the propeller diameter.    For this study, a 
chord length of 0.1ÖD was used for calculating aircraft performance and 
duct weights. 

Evaluation of test data and preliminary numerical studies indicate that 
values of duct internal drag coefficient, Cn , of approximately 0.080 to 

ui 
to 0.095 must be expected.    The calculations of this study have been 
based upon 
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•....■      X''l'-:    ."   •;      -_'-^ • ■  '   •■••t--:_   ■   :   >r       .■■■ _• ' 

IhOd Of ; i: .-••.- 
■ ror.ee IG; was or 

The Hilier Hel.    pier      '..    räihica! 
an optL-.ur. alrcmfi • 

. lemlne  the   ■: l!.r..- V-       I  .     ■   r co: 

.  " .  •   .     This rrO-.od de:'.; 
weight lo ;   pf r-    •.    peclfic r.lsaion. 
Ihi    sluoy,   th<; hovor •     r •   ••    y p    . ■•• 

l der. 
Ar r.o r.i 

^ro^j 
:ed for 
for 

analyr is lo ae lo r*.inc Ihe or • . -      ..rr n f t. 
gross weight, designated Rp,   is used is the 
dynamic and weight equalionr ire solve. 
intersection method.    Plots of thir graphic 
ures 10 and 11.    Examination of these curve 
at relatively low aisk loadings.    These als 
produce rather low speeds and short ranges, as determined from the carpet. 
plots of horsepower re-.uired for forward flight (Figures 6 and 9). 

The r.'ilio of Tuci weight lo 
asic link through which aero- 

.   .;. i    TV' 

solution are shown in rig- 
reveais the optimum points 
loadings and gross weights 

As a result of the previously mentioned operations research investigations 
and the lack of a specified mission radius of action, a criterion based 
on tons of payload, flight distance, and gross weight was established as 

ton-n.mi 
 IT" max 

To accomplish this optimization, the flight distance (range) to gross 
weight ratio, R/W-, was plotted as a function of time of flight for a 
range of payloads and disk loadings from the Rp vs gross weight curves, 
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The UMIAUH mn^« to gross «el^.i ratio tMs tfeumlntd for «sch olsk 
loading and poylosd. The gross tMUhts corresponding to the «ulna* 
UV   ratios Mere plotted in carpet for -m of disit loedinu 
and peyloed, as shown in Figure l.,   fron this plot, the dbk loeain^ 
corresponding to the lowest gross weight for any p^ylovl car be oeter- 
siined.   For a given psyload, this iis« loading is then the design point 
which provides the low»- -    ross weight corresponding to a eaxinuii range 
to gross weight ratio. 

Th« optiauR disk losain^ ana gross w* 
terr.ine the configuration dinenslona   - 

.-■: • J   :••- 
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....   Confi^amtlon Invegii»;^iion4 

The flral c 
tm   tucu 
Irtnaporl lyj ...      „ ..    . 

»rUiten Tor ;*n vhiei. 
on % rniher conventi 

> 

r-   ..:>•; 
lior. 

If 11 

VhA Ch.c 

)l for»   -   i funclli 
''  b^    •  •   ii'. .. '- to >U confi^urtlioi 

aasuiieü thai vapln^ tha nmu>cr of ducts naceasary to »chUve 
toul Oiak area 4oea noi »ffecl ih« ovtrali fiifuiT of wril or 

the trtnaalaalon efficiency of V,hi loul disk area. 

The Inveati^atlon cot.   .      \ to üeterr.lno wir. , weight, ana ^«rfor- 
nance indicaleo thai any wlr.f' of roaaonaöle   ...      - .  • • j-ed mih 
high lift devlcea, would fce^lr. tu sufj.orl U.e aajor portion of the air- 
craft weight only whei pi reached which copvpr .'.'.'-r <■ * 
trer.ity of a aj-eod a^ctrua compatible with a Weight l.tier type opera 
tion.    The uae of a wing or. a Weight Lifter, then, preaenta a paradox. 
The addition of a wing to the aircraft Incp^ ■            ■■- 33 weight and 
conaejuently, the horaepowor required to hover,    t^ce the aircraft haa 

.erated to a velocity where the wln,:a are capable of aupportlng the 
full load, the additional horscrower Installed to hover is then available 
to contlr. .•   accelerating to a nuch higher velocity.    The winged config- 
uration ihu^ lenüi» iiaelf to the aasault transport tyt-    i.rraft with 
Its higher apeeda and Ion»* ranges, rather than to a Weight Lifter where 
hovering ana low speea forward flight constltutea a large par* of the 
total flight tLue. 

Another winged design was investigated In which two ducted propellers 
were mounted on 'jlthor side of the fuselage between two wings in a canard 
configuration, as shown in Ki,;uro . .    The result of this study was less 
satisfactory than for the wingtip-mounted ducted propellers described 
above, as the two smaller wings would remire a larger total area than 
the single wing to produce the same lift.    This design has an additional 
disadvantage, inherent in canard configurations,   in that the rear wing 
is in the influence of the front wing.    Even more significant in this 
case would be the effect of the inlet and exit flows of the ducted pro- 
pellers on the win^s, as well as the effect of the front win^ on the 
duct inlet conditions. 

A delta shaped flying wing with three ducted propellers imbedded in the 
wing, as shown in Figure 3, was analyzed and found rather poorly suited 
for Weight Lifter operations.    Lower lift coefficients can be expected 
from this shape wing,'  therefore,  larger areas or even higher speeds 
would be necessary to support the aircraft weight.    The ducted propeller 
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of the iilak  loaaint"  :.r.voivfed. 

The final confi,'.ration Inv- ited '"or thia .■ ir.cor- 
poratir. . proreller     M   ahown in Ki^ure    .    '.:...   ie 
rec ;ires  liltin,*  I 'o trovuo forward tropäs: 
well a:; the .i-'tin,* force, while  the fuselage remains horizontal.    The 
front "ino rear .ieta of ducted pi-op< 1 .• r.: wrv assumed lo have I: 
dimension:;. 

to 

The weight of this configuration was calculated and founu lo be sli^htl;. 
higher than the two-auct no vin,: design.    This was aue to the t:r' tt- r 
duct circumference necessary to encompass the required disk area,   the 
reuunaancy of the propeller drive systems and tiltint; mechanism,  and the 
increased fuselage structure necessary to support the four ducted pro- 
pellers. 

The four-duct design has the advantage of not requiring reaction controls 
for hovering,  nor control surfaces during forward flight.    All control 
moments are generated by differential control of the four ducted propel- 
lers. 
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:r.,  they ulsrlayea nan; tic       u .  ■       i rltr of 

each were sufficient li warrant conlinu» . inalyj I . of both confi^'u;   I 

A more aeUlled weight breakdown, a., shown in Secusn !> of this report, 
was su , - .ontly conducted for the no-wln,: configurations. This weight 
breat . wn   leflnltely e .;hed the four u.cl desi the ;«avier 
aircraft. 

The curves of the fuel available to ,;ros3 woi(;ht ratio,  Rp,  (shown in 
res . ' throi.,-:.    5} indicate that the twoauct no-win^ design can 

carry the largest fuel supply for the ciisk  loadings and payloads in- 
vestigated.    The larger fuel supply provides this oesi^n with the great- 
est range to gross weight ratio, which in turn is necessary to obtain 
the maximum value for the payload ton-mile per pound gross weight cri- 
terion discussed in Section 3-Ü.3. 

The mutual interference between ducted propellers located in the vicinity 
of one another is a condition for which no methoa of evaluation is avail- 
able.    It is believed^  however^ that interference between the front and 
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rtT pair« of ducfd proptUers of the four-auci design U poaglblt in 
fomrd flight»   Thl» lnitrftr«nco wouU rw^iro addlUooft; JJWC.- ■. 
rtplact aw loss of «ffectivoness lncurr«u. 

the InvtfllU'auond conducted to delamlne «n opllat^i Ueighl Lifter con- 
fl^uretlon Indicate thai the two ducted propeller, no-wln^ design Is the 
nost sstlsfsctoi7 design solution, 

mj   Further Leslgn of TWO'^uct Conf^'uratlon 

With the selection of the two-duct, no-wln«? configuration ts the optlnuii 
Weight Lifter, further design jludlea were cr»rrled on for this conflgurs- 
tlon only.    These studios wef    ■ rfomed to optliiUe the Indlvldusl 
functions of the aircraft with regard to perfomance, ^ross weight, 
utility, and simplicity. 

...3*1     Powerplant Location 

For U.ls study the only powerrlant conalaered satisfactory to drive the 
ducted propellers was the ^eareo ^jaa turbine.   This engine has a vei7 
high thrust to weight ratio and a rapidly biprovlng specific fuel con- 
sumption.    The specific fuel consumption assumed In this study was 0.5)5 
Ib^HP-hr, which has been predicted for an engine available In 1962 (Ref- 
erences 2 and 5).    No specific engine make was used; rather, average 
values from all engines In the horsepower range anticipated were deter- 
nlned and used for the evaluations. 

Two locations were available for installing the engines of the two-duct 
no-wing configuration.    The alternatives were to mount the engines in 
the centerbody of the ducts, or to install the engines in the fuselage. 

The duct-mounted engines have the obvious advantage of direct drive 
through the gear boxes to the propellers, eliminating long drive shafts 
and angular drives with their complexity and heavy weights.    Duct-mounted 
engines are located so that the engine weight counteracts a portion of 
the lift from the ducted propellers, thus reducing the duct supporting 
structure weight.   The residual thrust from the engine is always dir- 
ected so that it supplements the propeller thrust. 

The duct-mounted engines also have certain disadvantages.    The lengths 
of the shaft turbine engines applicable for this aircraft are in the 10 
to 12 foot range, and the addition of a contrarotation gear box further 
lengthens the unit.    Also, preliMnary theoretical investigatigns being 
conducted by this contractor indicate that the best location of the pro- 
pellers in a duct is very near the duct exit; thus it is difficult to 
install the engines in the duct centerbody and maintain clearance with 
the ground.    A small ground clearance would not appear satisfactory be- 
cause of the effects of the force and heat of the jet blast impinging 
directly on either prepared or unprepared surfaces. 
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It If MCMMJ7 to lilt the ctucud propeller» about • point on tht duet 
In ordtr to prtvent th« tilting of the auct fron shifting Uit thrust vtc- 
tor to such in txunt Uut an unaailafactory nomni ia crtatod by tho 
niaali^nnant of th« thruat vector with th« aircraft canter of gravity. 
aa shown In iection t,2.   Jh» center or nass of th« orpines «ust then 
be raised through the arc of the d^ct tilt angle fron Us position be- 
low the ducts In hovering to s position aft of the ducts for forward 
flight.   This center of nass located aft of the duct tilting pivot cor- 
responds to a duct pitch-up nonent, and thus adds to the aerodynanlc 
duct pitch-up nonent present in forward flight.   Therefore, additional 
structural weight Is necessary to wlu.stand the nonent Inposed upon the 
duct tilting pivot when the ducted propellers are tilted for forward 
fl ight. 

Theducted ;rqp>ller e.Ticiency would be lowered aonewhat by the presence 
of the large fisnölb«^ containing the powerplants In the ducted oropel- 

- Ulpstrean.    This condition is slnllar to the effect of a nacelle 
placed behind an unshrouded propeller IRfiferences 11 and 12).    The pres- 
ence of a large center ody in the auct reduces the effective duct area, 
and in order to provide the re julred mss flow through the duct, the 
duct uianeter nust then be increased to account for the loss In area due 
to the centerbody.    Sven a snail increase in duct dUneter requires a 
significant increase in gross weight due to the increase in duct circun- 
ference, propeller dianeter, and ,;ear box sizes. 

The necessity for some degree of safety in the event of an engine failure 
dictates a nultl-en^ine requirement,  in order that some power be avail- 
able to effect an emergency landing.    Although two or more engines coulc 
be grouped together in the centerbody of each duct, the penalty for fail- 
ure of a single engine would be equivalent to the loss of two engines, as 
power must be reduced on the opposite side of the aircraft to maintain a 
level attitude. 

The location of the powerplants in the ducts nearly precludes any use 
of residual thrust or compressor bleed air for pitching moment reaction 
control purposes during hovering flight.    A turbojet engine would be re- 
quired to provide the necessary pitch control forces. 

I Fuselage-mounted powerplants have the advantage of a fixed position, with 
resultant lighter mounting weights ana reduction of vibration problems. 
Installing the engines in the fuselage allows the duct centerbody to re- 
main small, thereby reducing the duct centerbody losses and increasing 
the effective duct area. i 

I 
I 
I 

Grouping the engines in the fuselage parallel to the longitudinal axis 
provides a situation where the residual jet flow of the several engines 
may be ducted together to the aft of the aircraft to provide additional 
thrust for forward flight and forces for reaction controls during hover- 
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in£. By ifiureomwctirw th« 9«v«nil er^lmo rwcMMry to provld* Uw 
rtquirtd honmpomr, faUurt of on» en^Uw aoes not requlrt a fbrthar 
roduction In power to nalntain atabiUt^y. 

A a«rloua problon confronting turbine er^inoa oparatin^ fro« unprepared 
n.rrvfr3 is the In^tatlon »f forelgi  objecu into v.'- engine Inl«'.    '.■• 
atallin^ the en^inea and the ermine inlet duct at th« top of the fuaela^e 
placed the engine intake in the area noet protected fron objecta throun 
Into the »ir by the ducted propeller alipetrean« 

The greateat difficulties encountered fro« uae of the fuaelage-«ounted 
enginea ate« fro« the lon^ drive shafta and extra ^ear boxea neceaaary 
to trananit the pover to the propellers. 

Fror, the precedin«; analyaia of powerplant location with regard to the 
Weight Lifter specifications, the fu£elage-«Ounted ermines were selected 
aa the «oat aatiafactory cor^ronise of the factors involved.    A prelLai- 
nary weight analysis of the retired drive shafting indicated a weight 
equal to arj roxl.nately two percent of the aircraft gross weight (see Sec- 
tion 5).    It ~-v   "■ assjwjd LVi*.  V      rfect of this weight wouiü bo 
co-interacted by the Incr-nsod efficiency of the ducted propellers as a 
result of a wall centerbo^y and the lighter ducted xropeller assembly 
poasiblo through the red'.clior ^ ■'r. 

a.3.2     Residual Thrust Utilisation 

The residual thrust from the shaft turbine powcrplants was computed as 
an average of several nakes of engines in the horsepower range contem- 
plated, and was found to average 0,2b lb of thrust per shaft horsepower 
(References 3 and 13).    As this thrust amounts to several thousand 
pounds, a study was undertaken to determine how this force might best be 
utilized to improve the aircraft's flight performance. 

Assuming fuselage-nounted engines, the result of the study produced a 
system of ducting the residual Jet flow of the several engines into a 
common tailpipe which extends to the aft of the aircraft.    The tailpipe 
nozzle would act as a thrust dlverter, and allow the thrust to act in a 
longitudinal direction for supplementing forward flight propulsion, or 
divert the thrust vector to produce control moments during hovering 
flight.    This nozzle system may be visualized as a modification of the 
reaction control nozzle designed for the Hiller X-1Ö tiltwing aircraft 
(Reference II4).    Incomplete tests of the X-1Ö deflection nozzle indicate 
ducting and turning losses of approximately seven percent.    For this 
study,  ten percent reaction control losses were assumed. 

Sample calculations of the control moments required for hovering (sea- 
Section 6) indicate that sufficient residual thrust is available at the 
reaction control nozzle to provide pitch and yaw control as well as a 
balancing force  to counteract the moment produced by the maximum allow- 
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tblt ihrufll vector tnd »ircrtfi cenur of ^ravliy nUallgnmnl.   kppmx- 
iMUly on«-ihlrd of the res&duAl ihrufll ctn be uUUied for the purpoae 
of belencii^ tnjr «Ment induced by ducted propeller thruet.   By e Judi- 
cious location of the alrcreft center of gravity, the reslduel beUncln^ 
thrust can be nost often used as a lifting force during hovering.   This 
hovering control systea is considered quite efficient, as It utilises a 

..-:i   residual thrusti is its iourc« s: ;--••r,  md )ffen ä.IH- 
en^lne reliability as veil.   The alternate control systene often pro- 
posed for VTUL aircraft call for the adaltion of a turbojet engine or 
the use of turbine compressor air bleed, with their respective disad- 
vantages . 

ResUual thrust acting parallel to ih« longitudinal axla Ln forward 
flight s^pplemnts the propulsive force of the ducted propeller} the 
rasulting increase in forward velocity la -ulte significant, as «ay be 
seer, by comparing Figures (: ard 15*   As an auuiilonal advantage, the 
residual thrust produces a r.ose-down or su: Lllilng pitching nonent (see 
Section o.^i. 

a,3«3     Jptinizir.t; ~LSK Loaoing 

The horsepower to gross weight ratio required for forward flight was re- 
calculated, utilizing the effect of the shaft turbine residual thrust. 
The residusl thrust was taker. Into account as a force acting opposite to 
the external draf! force.    The monentun equation used to determine the 
ducted propeller exit to Inlet vcioclty ratio,  e » wa3 modified to in- 
clude the residual thrust, T(, as 

\2 
eu     1 - 0.5C-   )    - e    - e    C. 

De     A^^p/2 

As T. s 0.26 HP required,  the above equation reduces to 

0.903^ - e2 - e fcD   - 0.0129 l^j   = I2 ♦ 0.25   [GD   - 0.0129 Ijw^ ) 

Curves of e and T as a function of li are shown in Figures 1} and lii, res- 
pectively, from which the horsepower required for forward flight was cal- 
culated and plotted in Figure 15.    Utilizing the residual thrust, the 
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<\i? varioa fro« 1$ 10 .   .  ou Tor aUk ;o%d 
10   OG ;c.f. i ; re fool, w ca. .;.:'   in fi^urt 16. 

»..    •. -     teicrsiinixt for Uv© itei^hi llfior, ccr.- 
..Unl  incr» i.-   .-   ::.-:.'. :.'.•■<•: 

k r^nciioes of iiiäk laaain«« »no p*jrloaa is 
ahok- r*   -   .  fr1« «hlch Ih« opliMur.  :;  »   .<- 4y b« found »I 

.»id.    11 MS foina U.ai ihfl 
sur.    . ■   "     ■ -• of 

. ihe hora»- 
-  • . for ■ rcrftfl wk    .■ ' . fror, th« to. con- 

la, HPAIQ 

cliy la ih« aaae for any alia 
W ■ •< r      r :'.,' .rhi. 

..... -..•.' 

-.I .r .■     ..   ■        . .  • ■    :■       .:■-'. 

io   ' r lh<   ran^e of ^roaa wel^hta 
.   ..••«   .  .    The Miera provide for the in- 

p t . «• of  i o.    propeller cUaaeter 
• r.i A •!...  r    ..-.••;.   J:  trot- ..■ .- .  . • .. available by i9o' incii- 

caie:   ••   •      - ■• approxlmftlely    S feel may be expecled. 
';   '   "      : i- •    JC trofellor ülanetcrs specified for 

v.... ■ .jfled excor t for ihe hUthesl ^rosa weight machines, 
r'or U.u exii u -e a slight  incronae in disk 
.  -k.:n,- car bo nade, wh.ch would reüuee Ihe required propeller dianeler 
to l wl! •   p     •   in .tross weit',hl, aa shown in Fig- 

3eca.. ■    )f their offecls on Ihu arive systen and weight con: itationSj 
cour.'      •   • .Hingpropeller.'were assumed in the desijp study^.    Counter- 
rotatin^ propellers are expected to rrovide an increase in propulsive 
efficiency of \0% above that o:' a routing groveller due to Uie 
absence of roution of the profiler alip^treani.    It is also anticipated 

•   the counter-rotating propellers will avoid large (gyroscopic moments 
acting on the aircraft due to angular velocities of the aircraft in pitch 
or roil.    3ome degree of cross courlin.-: between roll anu yaw can be pre- 
vented by counter rotation,   in that a differential thrust variation for 
roll will have no torque effects and  thereby no resultant yawing moment. 

h- h1?     Deeper JAicto 

The use of counter rotating propellers prompted a further investigation 
of the shroud length.    The very short-chord shroud design originally 

Lgnated for this study appears insufficient to properly enclose the 
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Ufg» coonier-rouiij^ fropolUra mc*»&*ry for th» ino-a-ci eotti. 
Ügr.    A  r.ri;   r InveöU^Hlor; *>/ «Or   r^ccri  n^u-i   [hcrc^r/rc  13 
l/Kii • longer chom 4jcid -A^ csft^r^ 10 «alnuin hl^j «f- 

• or 'M- ."^aoft, t.» v 10 ü, i6l uucU hix -'sow Bp«elflod for 
Vioi^hi lirur   1 

Th« uao of longer ducuj re    .ret) » r« a ion of ih« exlornal ara^. 
•'•1...: IM> on»^        . La huvc ir-.^     .■■^:.'.    .-. 
U   ....•...-■. 1«   j-   •  ^     . ..  l   • : .ri-'.*:   ••:''■ r".   "       •'• •"^ 

•»i": .   .    •    , -. ■■'■..  ralh«r, iho effect on 
.--    . • 1 •' rformnce «UJ Invoail^fileti for a rar^e of external drag 

.'}»,    Thla study Indlctitod that extoma* dra^ haa r.o effect on the 
e of optlrur. diak loading.    Kaxluua forward flight velocity and 

►ra the only characteriatica varied by changing the external drag. 

Becaaae the op'.. .Mdinf* la irwetenoer.t of «xtemal drag, the 
hovering characterla'.lca rerAir. fixed.    Aa the Weight Lifter stucjy la 
baaed -pon hovering p«rfora»nce, the resulting speed and range variation 
with external drag become secondary effecta; therefore, the optlnun 
configuration rersalna vall^l for the range of external drag values even 
though the exact naxbmn velocity and range la not known.    The drag 
analysis Indicated that a ten percent variation in external drag creates 
a corresponding sever, percent variation in naxinun velocity at the optl- 
nun» disk loading. 

As a result of the above considerations the forward flight performance 
ronains based upon an external drag coefficient of 

C-     • 0.2u 
De 

M.3.7     Angle of :-uct Tilt in Forward nUjhl 

As mentioned previously, the optimum ciak loading and maximum forward 
aircraft velocity are constant for the ran^e of Weight Lifter gross 
weights.    The value 

T * 0.98 

is then a fixed value for the maximum velocity at all gross weights. 
The angle that the ducted propeller centerline is tilted forward from 
the vertical, a, can then be read from the plot of a vs 1, on the 
"residual thrust included" curve (Figure 18). The angle of forward 
tilt of the ducted propellers for maximum velocity is 

a = 55° 
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4«>»6    HuUml Infrftninc« Lff«ria of UJCU In Cloae PfOxUiitjr 

An «tunpi to deumln« tht Mgnltudt of tht nutual inurftr«nc« of 
dueled propellors opentln^ In eloso proxinlly to one another nee Mde 
in which the exUl velocity cortponem of a ducted propeller in the hover- 
ing condition MU represented by the exiel velocity conponent of t vor- 
tex ring deference 16).   The axial velocity at a location correaponding 
to the centerlina of one duct appears to be affected less than one per- 
cent as the result of the operation of tne other ducted propeller.    MK 
the basis of this frelininai^ stud^j U.e effect of the nutual interfer- 
ence between a^cted propel Um in hovering was neglected.    Ho nethod 
exists for deteraünlfw the  Merforonce In forward fll^t. 

^.3.?     Fuselage Design 

The ability to load and transport bulicy cargo Is anticipated as foming 
the najor part of a Vol^ht Lifter's operation, and this re^ulrenent dic- 
tates a lart'e-volune cargo cor«part-ient for which a »inlmm anount of 
special loading e^ulptwnt would be necessary.   A prelir.lnary survey of 
existing cargo aircraft was Mde, and it was determined that for the 
Weight Lifter, the cargo compartnent volume to payload weight ratio 
would be approxlnately two to three tines that of present military fixed 
wing cargo aircraft (Reference I7}, and sonewhat greater than helicopter 
cargo aircraft (Reference l£). 

The fuselage design was r.odifled so as to rake the best use of the fuse- 
lage engine mounting ana tailpipe system; the final design, then, became 
a large capacity pod-type body with a single large boom containing the 
engines and tailpipe extending aft from the top of the pod.   The empennage 
is mounted above the aft end of the boon, to remain as free as possible 
from the effects of the ducted propeller wake. 

Cargo may be loaded from both the front and rear of the fuselage, with 
an oversized door and loading ramp at the rear.    For the larger aircraft 
designed for the higher payloads, the fuselage height is sufficient to 
allow a hinged floor to be positioned so as to provide two levels for 
transporting large numbers of troops. 

ü.3.i0   Cockpit Design 

It is forseen that the Weight Lifter would perform many operations simi- 
lar to those required of large helicopters;  therefore,  it is necessary 
to provide pilot visibility comparable to that of a helicopter.    The 
cockpit was extended forward beyond the main fuselage structure, pro- 
viding vision downward and to the sides through a helicopter-type trans- 
parent nose section. 
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1h« ducttd propeller «upporlln^ Alructur« mo redesl^md lo avola • 
single pivoi point siouniin^ on the side of the «tuet   ha shown In Figure 
...   Vtth the heavy thrust loeds taken Out of the duct st only one point 
on its eircjiference,  this support syston MOUU require s hesvy ouct 
structure to Mintein duct rigidity.   The new support structure becane 
a V-strit fron the top of the fuselage to the duct centerbody where it 
joined a horUoni*. neaber fron the center of the fuselage, as shown in 
Figure 19.   For this support arren^enent, the duct tilts about the horl- 
tontal siewber while pivoting on U.e V struts at the duct centert>ody. 
The support strucuro was pUceu above th« Juct in an effort to »InUUe 
the dra^ «ffer- locating the stru^    it   the .owcr velocity airstrean 
about t»...- Lnlet rather than in the higher v.jiocltiea encountered at the 
duct exit.    A aoflr.Lt« w»Ji,:M ^avl.-.    M ted aa a result of this 

.   .. i  . irUtson 

!       result of atidlea of t.        rust v 
lentlal,  it waj   letermlned 

lly could be allowed to vär   two feel 
a controlUnle r.oner.l at both J.>    : .• 
This Cu shift Is comparable to that 
«       cargo aircraft.    A vertical shift 
in its relationship with the thrust vector th 
of duct tilt angles. 

u.3.1)   Propeller Wake Deflection 

•  ind tho residual thrust 
L the aircraft center of grav- 

. nally while maintaining 
forward flight conditions, 

lished for present fixed 
C )  .rpears not to be critical 

ghout the required range 

As mentioned previously, a conventional horizontal stabilizer and ele- 
vator are required for the optimum Weight Lifter configuration to provide 
longitudinal stability and pitchin,; moment control during forward flight. 
The effectiveness of the horizontal tail is dependent on the ducted fro 
peller wake conditionj 11 i; 

In order that the tail section might be placed out of the direct downwash 
effect of the slipstream   the slipstream deflection of the ducted pro- 
peller in forward flight was investigated.    The deflection was only ap- 
jDroximnteüj due to tho lack of information concerning the characteristics 
of the airflow in the vicinity of a highly loaded ducted propeller. 

The slipstream was approximated as the resultant of the ducted propeller 
exit velocity and aircraft velocity components, as shown in the velocity 
diagram in Figure 21.    The angle 6, between the horizontal ana the re- 
sultant slipstream can then be determined as a function of I  (Figure 21). 
The most serious condition for providing clearance between the tail and 
the slipstream occurs at the maximum forward flight velocity.    At this 
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condilion, the ai^l« 6 Is • «inijitw, and lh« rear of the duet U raUed 
lo its hUhttt pofltlon.    In thla m^uon, wlih the allpatrMii defltcud 
uwdUttly upon lee- it th© r**r of the duct,  It Mia de- 
temlned inat the flow sllll peased well beneeth the horUonLa. 

n,u   f-ifiher I*algn of Four-Duct Configuration 

?or purpoeea of conparlaon, those design features discussed In Section 
U.) which were applicable to a four-duct configuration were incorporated 
In that design, as shown in the arawlng in Figure 20.    un the basis of 
these changes, a revised weight analysis for the four-duct configuration 
was nade, as discussed in Sectior. .... 

CONFIDENTIAL 



CONFIDENTIAL 

S.    IglOHT Amusis 

5.1   Introduction 

The 4öJ«ctivt of this analysis Is to conpsr« the five Wsltfht UfUr con* 
figurations on tht basis of aircraft gross weight.   Because of the lack 
of certain aeroqypaitlc as well as structural design 1 

^ type of aircraft at preientt • ■IHUIUH nuwber of oeslgn peraweter« were 
chosen to be used In the Rp Qraphlcal Hethod (Reference 10) for detelo^ 
Ing an optlau» deslzn». 

A selection of four paraastera Is «de In this study for the optlnltatlon 
of a prellAlnary Weight Lifter design.   These four paraaeters, as shown 
In matrix for» below, are nuabers of ducts, b; gross weight,^} pajrload, 
P; and disk loading, w. 

PAJUMSTRIC SrJIY 

-W0' 
lb P, lb wt lb/ft' 

,so 
,66,7QO% V^—yi*, OOOi 

\V/^ V/ -100 

' ^150 

\oo 
kl60,000 

In the "Rp" Graphical Method, Rp, ratio of fuel weight to gross weight, 
is used as a solution for a pair of simultaneous equations, namely, the 
"Rp required" of the aerodynamic analysis and, "Rp available" of this 
section.    The point of intersection in each case represents the least 
gross weight for that combination of payload, disk loading, and config- 
uration.    The optimization of a series of such combinations yields the 
lowest gross weight, as shown in Figures 10 and 11, 

As always, the cost of an aircraft is directly associated with its weight; 
therefore,  the advantage of choosing a configuration in preliminary de- 
sign from the weight standpoint is obvious.    This method also eliminates 
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mich Uborlou« work lnvo.wd in optmuini til ih« posaibU conbuuiioru. 
To faclliuu solftctlon of tht best confUumUort   this "8p" Grtphical 
Ntthod is further developed In fibres l ' through ?S by coapenn« the 
«inlnuii gross weight curves for different disk loading« and pajl^ads. 
The final outccne U that the two duct nc wing configuration appears a^ 
the best.   The result of the optmuatior. study by the Rp «ethod is listed 
below. 

t .,,.. * ^i Tw Du Four JUCU 

UOOO lb        W,, Wr     ol 00   lb 

w - t.l  lb, ft w     1$ ib^ft' 

,,000 lb        W.      ^ 000 ib Vr     108 000 ib 
i G 

w     >0 lb :• w     66.) .btt'. 

!   000 lb W        .   1,500 lb No Data G 

w - 60 lb ft 

$.3 Weight Equations 

For the conventional components and equipment of the aircraft, suitable 
weight equations were adopted from Reference ^0. If existing equations 
did not apply, an adjustment was made by actually designing the uncon- 
ventional component. A new weight equation was then introduced, either 
by modifying the equations found in references to suit the provisional 
design or by developing an entirely new equation. However, for the sake 
of accuracy the new equations generally were tested against those for 
configurations of similar weight- 

In primary structures design an ultimate vertical load factor of 3.0 is 
applied individually to the subjected component, while a vertical load 
factor of 2.0 is considered plus either a side load factor of 1,5 or a 
fore-aft load factor of 1.5. The allowables for stress are per Reference 
18. For this preliminary design, thermal stress is not investigated, as 
its effect will be negligible for the skin friction generated at the an- 
ticipated flight speeds. Also, aeroelastic problems are not included, 
as they are beyond the scope of this study. 

In deriving the Rp available equations, all the constants possible are 
predetermined by a survey of other similar aircraft.,; 
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CrtM Weight • 600 lb 

Tip Speed of Propeller • flOO ft/eee 

All the operelion la Msuned to be perfomed at sea level under standard 
eondltlonai 

p • 0.00^370 alu«/ft3 

The equation for the grosa weight of the aircraft can be written as 

V«V    ♦ W ♦ P ♦ W ♦ W w0  "eupvy  C  r  V WFT 

where 
W    • e«pt^ weight of aircraft, lb 

' ■ •» .■ 

Vc * crew weight, lb 

P ■ payload, lb 

Wp • fuel weight, lb 

W-. ■ fuel tank weight, lb 

The weights of components comprising total empty weight of the aircraft 
are listed as follows: 

WR • propeller weight (rotor weight), lb 

VL ■ duct weight, lb 

Wy * wing weight, lb 

VLj. = empennage weight, lb 

VL ■ fuselage weight, lb 

W. = landing gear weight, lb 

Wp = powerplant and accessories weight, lb 

W—j, - fixed equipment weight, lb 
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• 
VL • alactlUnoous IUM Might , lb 

The ratio of aircraft wipty waight to groaa «aight is axpresaad by 

a ,    ICowponant Wat^hto 

0 

Tha waight of fual and fual tank la obuinad by 

w   ♦ w    • w   - P - u v. 

Sinca Wp. is a function of W-, than 

Tha assumption is nada that tha Jet fual waight is 6.5 lb par gallon, 
and the tank weight is 0.5 lb per gallon; therefore 

K • 0.928 

Hence 

J- 0.928   fl     >      ug^.J 

or 
Rp - 0.926 (l - Rp - (^ - Rc) 

5.3.1     Rotor Weight, W 
         1.8 

WR S 0#757   T   (iro) (
B
I)

,82$
   See Re^e^nce 5 (D 

Where 
AF ■ activity factor 

Wr = gross weight, lb 

This term includes tilting mechanism,  tail boom, and the miscellaneous 
items shown in Sections 5.3-15 through 18. 
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M • disk lotaln^ by rotor »rM * p It/ft 

A * aro« swept by rotor, ft 

3. • nuMbor of bUdes, txprtssod «a 

(l,360)(W)«e    A V .   - I.C (2) 
So« tteftjr- 
onc« 5 

Where 

I ♦ f • flow are« ♦ equivalent fiat plate area of Orag sorfacea • 1.25 ft* 

C,    • mean blade lift coefficient • 0.53 for optiau« CL/CD 

i. 
ip " the ratio of slipstreaa» area downstrean to that of the pro- 

2     pellor ■  1.0 for ducted propellers with straight exit ducting 

V2 ■ downwash velocity,  ft/sec ■ "\l — 

w    = effective disk loading,  lb/ft 
*! 

V- ■ tip speed » 800 ft/sec 

An AF value of 100 was chosen. This agrees with conventional recipro- 
cating engine propellers with disk loadings of about 8$ lb/ft , which 
corresponds to the average disk loading in this study. 

Then from equation (l) 

W 

1520+w 
1,^20 
137+w^ 

-I   .82$ 

(3) 
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A   • •—   for flow ar«« of alnglo duct 
t 

^ . floy t^   . H.3)' # 0   j 
T     rotor «re«        1.0 

For hovering 

1 
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The disk loading per hub, •■£ is used for a counter-routing propeller 

where 
H • 2 for counter-rotation 

Thus (3) becomes 

W. - 0.0375 —ii™ 
11 (w)J 

T .8?5 

f  10.200 \ 7 t ^1,520   \ per ship. 

NOTE:    VL is independent of b, number of ducts, which must not equal 
8 

zero in any case. 

5.3.2     Transmission Weight, W, 

The transmission weight is based on the hovering condition.    Reference 
2 gives 

.375 
WT=(0.081Q)-88   ^ 

where 
Q = output shaft torque, ft-lb - 

5250HP 
N 

(M 

n = number of installed engines 

N . rnm _ 60Vt   . (60)(800) _ 13,620 
nD nD 

(A) 3" 
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D * äiiiMUr of prop«Utr, ft 

for       N " flgurt of nerlt for sUlic thrust • 1,28 

•o  JT     W . 

Q • 0.008)3 \£) 

Substituting Q in (li) 

1.5 

.375    v vl 
^ 

< .375      u a.3i 

0.0012     --- t» 

per duct 

per ship 

5.3.3     Duct Weight, WD 

Maintaining raaxlrauw stiffness at the propeller station of the duct Is the 
major criteria for the duct weight estimation, as any rubbing of propeller 
blade tips against the shroud inner surface must not be permitted.   There- 
fore, the weight of duct varies with different types of supports. 

a. For ducts built into the fuselage, as in the three-duct configuration, 
only the weight of centerbody struts, (about 351 of total duct weight) 
remains the same as that for the strut-mounted ducts discussed in nbn 

below.    Total duct weight is reduced, as it partially becomes an integral 
part of the fuselage. 

WD - 0.0665(A)-51 (Wor
7U 

b. For two or four duct configurations the duct support adds little stiff- 
ness. 

Reference 1 expresses an equation for a similar configuration. 

WD - 0.051i2(D)2,6 (wer
7 

= 6ii00 lb 
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Mhtrt    : -     .     fi *nd 

M • 30 ib rr 

A check la naae with Rftference i for h conservative eatUMiuon 

.tin 
.1. - ..■ i:.:.)     r- 

HD *(o..e7} • .        u.o n 

—  ■ ■ ■ 

:• an 

LpO^Hjj) •     . ..  »U) 

•      r f Reference  • 

W. 00 ID for V < i0( 

Comparing wiU) peaulLa from -t^foronc? 

o^OO 
CT5 1.0)1 

The weight of 6ii00 lb from Reference 1 seems to be too conservative, 
and as a compromise, exponents wore readjusted. 

?.5, ... n WD -   0.0&2'(D)      (w)'       is adopted. 

wD = 0.0&? (l.36(A)lD'' 

0.07^(A) f WG 

s 

.714 

V. .714 

bA 

per duct 

0.07a(Ar5l(b)-2(> (Wj*7il per ship 
u (5) 
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S.y.U    ruMlagt WtUHt, wB 

The fuMU^t wtl^hl equation for « helicopter la «xprtssod u 

WB • 0.159 («QL)'69 (Refertnct 2) (6) 

For conventional flxed-wln«? fuseUge design, the weight equation la 

«3 • 0.159 (W0)-69    [L(H»B)]   -}1S 

where H • height, B • width, and L • length of fuselage 

A sanple calculation Is shown below.   To Insure a conservative weight 
estimate and to provide naxijiu» cargo space, these values were chosen: 

Let        H - B-0.16 L 

For      W0 - 100,000 lb and L - IX ft 

W_ - 9,^00 lb, which agrees with the weight estinatlon in Figure 
3fi, Reference 3 

NOTE:     For the four-duct configuration, because of structural requirements 

«3 - 0.159 (wQr
69   [L(B*H)] -}9 

5.3.5    Wing Weight, W^ 

From Reference 3, utilizing a conventional type wing, the expression for 
wing weight becomes 

2,31 bl 19 7^ 
Ww " -j—^      W0 (li.95 * 3.6) - ^Lll   W^ (7a) 

where 
b,  = span, ft 

f,  = design stress factor, see Figure 35, fleference 3 
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which, for UM txmplt U. of 100,000 lb and a low it In« loading of 50 
lb/ft2 raducaa to ü 

WM.^£   (wo)^ (7b) 

5.3.6     Horlionul Tail Weight, W^ 

The weight analysis for the horizontal tall is the sane as for the wing. 
Equation (7a) then reduces to 

«HI ' Tf   'V1,5 (two ducts on wingtip) 

«HT ' Tf   (VM (two ducts on side) 

5.3.7     Vertical Tail Weight, W ;: 

Since vertical tail weight id a function of vertical tail area, speed, 
and atnospheric conditions, 

n n 
WVT ' ^t < 

Then, based on Figure 37 of Reference 3 

w^   o.oda (At)
ia$ (var

5 (o)-21 
(8) 

where     a = *~ = 1.0 at sea level 

V   = velocity of aircraft, knots 

A.  = vertical tail area. ft 

The equation can be further reduced by the substitution 
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*t • it
2 

Mbtrt 
L * length of fus«!«*« 

For design purpoM«, I • 0.027 for the tuo ducU on ulngilp vpoi «nd 
K • 0.033 for iht mo-duct no-wln^ type, by acroaynanlc rtqulrtnent. 

$.3.6     Unding Oear Weight, ^ 

For fixed Unding goer th« weight naa detemlned by the relation 

WL • 0.0337 (W0)
1,02 (fteference 2) 

5.3.9     Engine Weight, WE 

Chart I of Reference u predicts the weight of shaft turbine ermines up 
to 1965.   Fro« this data a value of 0.32 lb/HP Is assumed for engines 
produced later than 1962. 

Wj • 0.32 HP 

/l.2W0{wrA 5 

5.3.10   Engine Section Weight, W-^ 

WES " 0-053 ( IT' {n)''0 (Jteference 2) 

LP   =     WG       - WG 1 
m     ia67HP     Ö!Ö3n^Ur^     0.0317(w),i,U 

WES - 0.00126 (WQ)
1
*
07
 (W)'

535
 (n)"*07 

where   n = number of engines / 0 
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5.3.U   8Uriiii< Syie* Wtight, V^ 

w .«(«)•" (SJ6 
(Rflftrvne« 2) 

• 0.0)A(W0)-6 (w)'3 (n)'11 

5.3.12   Oil and Oil Tank Weight, W0 

w0 • O.Oli ^ (Rtferenca 2) 

0.00036 WQ(»i) • 

5.3.13   Fixed Bquipaent Weight, W^ 

This tem includes weight of instrunents, flight controls, hydraulic and 
electrical systems, furnishings, and communications equipment. 

WPE " 1-93(W0) 
.672 (Reference 2) {%) 

However, in order to include the weight of a helicopter type cabin, Equa- 
tion (So) is modified to 

WFE=2.38(WQ) .67^ (9b) 

5.3.U Boom and Exhaust Pipe Weight, W BF 

This component is treated as a cantilever beam loaded by its own weight, 
tail load, and thrust from the reaction controls.    It is assumed that the 
longerons are supported at intervals by light frames to insure stability. 
For aerodynamic reasons a light sheet is chosen for the housing skin, as 
a smooth surface is of greater importance than structural stability.    Be- 
cause of the low speed range of these designs, the thermal stress due to 
boundary friction heating is not assumed to damage the skin.    For prac- 
tical design, the exhaust pipe and its insulation are estimated to weigh 
19.3 lb/ft, and the boom to weigh 3.7 lb/ft (based on a 100,000 lb class 
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Thtn 

p • O.O^ii w0 

5.3.15   GMF Sox Weight; V 

The weight of iho primary roduction ge«r box is Included In the trana* 
nlüalon end engine section, but the weight of the inteinedUte geer box 
is treated sepemtely end estmated to be 

W   • 0.13 lb HP 
8 

5.3.1b   Shaft Weights. W. 

The nain transntssion shaft is designed to withstand both the torque anc 
its own weight.    It is also chocked against its frequency to avoid any 
resonance which wo".ld lead to vibration.    Fro« these considerations 

w 2? Ih/fl 

5.3.17 Tilling Mechanism and its Accessories Weight. W, TM 

W—- • 0.00u5 W- per duct for two-duct configuration 

■ 0.0030 WQ per duct for four-duct configuration 

7]\>- i:-:\:.lri  i -    ..•   of a sUlLülit.     ■'■'•'■„,   ■■•'•   ■'•'  r'-orrs-u :>-■:   '. .< 
to the fact that the screw Jack is not only operated by a hydraulic sys« 
ten but also by an electric motor, with manual control in caao the hy- 
drauUc system falls«.  Therefore, this estimated weight is justified for 
the importance of its function. 

5.3.18   Duct Supporting Strut Weight; W^ 

All the compression members in the strut system are pipes of steel alloy 
with D/t< 50 to avoid a local crippling problem.    This weight then be- 
comes 

wDS - o.oiS w0 
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•  .1     H. AvtiU&U Qnpba 

Th« Rp «vtllabl« curves in Fi^urea 22 throu^n «'S ahow that Hf «valUbU 
U a non-llntar function of «iihAr diak loadiiv or «groas Mtighl.   Utpty 
wai^ht ia a function of groaa waight. and nunarical calculAtiona «how 
thai a variation in % availabla chan^aa onlv tha valua of the anptor 
weight to groas weight ratio, 0, aa nay be seen fron the equation 

Ry     0.9^ (1  ■ ^     hc- 0) 

in which crew weight ar.u r^l^d can be held constant.   The relationship 
between Rp available ai loading is therefore also non-linear, as 
disk loading is a function of enpty weight. 

,ty of • it of the conplexity The non-lln< 
of the we I    *      .ations for the enpty weight components, and any increase 
in either disk loading or gross weight or both does not produce a corres- 
ponding increase in Rp available.   However,  the ratio of R» available to 
gross weight for the disk loadings ranging fron 50 to 100 lb/ft2 is nearly 
linear up to a gross weight of I00 000 pounds.   The Rp available equations 
for the eapty weight components of the final configuration will be found 
in Appendix > A. 

Sxaninations of the Rp plots in Figures ■ ' through ?5 reveal optinun 
points at disk loadings which produce rather low forward speeds and short 
ranges.    As explained in Section 3.ü, an operations research investiga- 
tion produced an optimization based on a criterion of maximum payload 
ton-niles per pound gross weight, also determined from these Rp curves. 
This investigation indicated that an aircraft capable of higher speeds 
and longer ranges would be more efficient for the anticipated Weight 
Lifter mission   and the design was adjusted accordingly. 

$.1.?     Selection of Configuration by Weight Analysis Based on Same HP, 

w, P   and W 

Two-Duct on Wingtip Configuration   Figure i      In general,  the two duct 
configurations nave a better Rp and Rp than the  three-duct delta wing, 
as the cargo space is better utilized in the fuselage.    It is structurally 
a transport, conventional both in arrangement and construction except for 
the rotating ducts on the wing tips.    Because of the redundancy in pro- 
viding the lift necessary for forward flight by both duct and wing;  the 
combined weight does not recommend this configuration. 
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Two^Duel Canard Confteumion, fUurt li   Thia daaign la elUinataa for 
■ <  3^0 rehaanä ^ tiia confl^urauon ahoim in Figure 1. 

n;rco-:.ici ^Ua Wtf>^t flifura )t   Thla configuration la rogardad aa a 
poor proaptct, aa Ita Rp and fi^ are too low to ba conaldarad practical. 
-'■ - -n maaon for Ü» wall uatful load la tha fact that atmcturally 
It dawanda a redundancy of naiibare to otrengthan tha thraa cut-outa for 
Inatalllm; ductad propallara In the delta wlrw.   In addition, tha trl- 
angular arranganant of tha three ducta leavaa no optlmw available apace 
for Internal cargo loading. 

Four-Duct No*Wtn^ Configuration, yf^ure St   Thia tjrpe waa atudles becauae 
of ita aliiplicity, being vlthoul <»ither wing or horitontal tall.   However, 
the exceaalve weight of ita aft fUaelage section aubjecta it to the aajie 
critic la« aa the delta wing, and the extra set of ducta and their accea- 
aoriea cancel out ita advantage over the two-duct conflgurationa. 

:v  -: .•:  ^-W--     . ••       rr..  ■ .   • .   .:•' ? ..   iv:-   ■■>■.:•      ■-.   ..   ', 
on atruta, one on «ach aide of the fuselage.   The elimination of the 
entire wing structure saves considerably in weight, and the use of a tali 
boon inataad of aft fuselage section is alao weight-saving.   Therefore, 
thia deaign is chosen as best on a weight basis. 

For purposes of comparison, a tabular weight component aiunary will be 
found in Appendix 5-3 for the configurations shown in Figures 1, u, and 5. 
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APPÄOU 5-AI   HJ AVAIUflLE DOITIONS 

Two-Duel Moving Oonfl^railon 

Ry • 0.9?« (I - Rc - Rp • 0) 

Vl^Vflr   ^0.^^^ ...Rl2 

wh«r« 

R2 • 0 

Ao.200 |   *    . /it^O     ^  ^ 

(L)2-3 

.125 

[3 » 0.159   f(B»H)L J (Wa) •;i 

The tssujiption is nade thai H * B - 0.265L, as the length 
of the fuselage in Figure li is assumed to be 601 of that 
of the other configurations, because of its tail boo«. 

Ru - 2.38 lWa) -.323 

R5 • 0.089 (A^^1^)"*26 

R6 - 0.0351i 
(« 

... 
(Mj 

. 

R7 - 0.03^ (W0) 

aQ - 0.0092 (w) 

.02 

. 

R9 = 0.00126 
(» 

.07 

(w) .535 

R10 = 0.00096 (WG) 

Rii= If (Vs 

R12 = O.OI48 

.32 

goigonenU 

Rotor 

Fin 

Fuselage 

k2 

Fixed Squipnent 

Duct Assembly 

Starting System 

Landing Gear 

Engine, oil and 
oil tank 

Engine Section 

Transmission 

Horizontal Tail 

Miscellaneous 
Items 
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6,     STASIUTY AMD COTfUOL 

Ibt «UbUltor «nd control cbarteurUtlet of iht optinup Utlght UfUr 
confl^urttlon haft boon dotomlmd for a roprosonUtlvii aircraft which 
earrios the avora^o payload of ??,000 pound«, aa ahown in Flguro 19. 
As tho aircraft has boon Oosignod to frow unifonaly largor with incraaa- 
ing payload, tho stability and control functions calculated for tho 
average sise aircraft are, in nost cases, directly applicable to the 
other sises.    Those characteristics peculiar to aircraft at the extroMS 
of the site range wer» checked to insure the suitability of the principle 
Involved for a Weight Lifter throughout the range of gross weight. 

o.l   Pitching Howent of the Fuaelage 

The pitching nonent of the fuselage was calculated by Hunk's nethod, 
corrected for body fineness ratio (Reference 12).   The accuracy of this 
result was considered satUfactory, for the «ffect of the ducted propel- 
ler airflow on the fuse la »re «oaonU is not known.   As the fuselage re- 
gains at aero angle of attack for all equilibriuM conditions, the cri- 
terion established for naxünuA fuselage pitching nonent was the effect 
produced by a §0 foot per second vertical gust encountered at the air- 
craft maxlnun forward velocity of lyO knots.   This condition results in 
an angle of attack of approxlAately 11 degrees.    The naxinun fuselage 
pitching moMent for the representative Weight Lifter is then 

My • 235,000 ft-lb 

The gust (and, therefore, the resulting angle of attack) was taken so as 
to produce a positive pitching monent in order to add to the other un- 
stable moments. In this manner the maximum stability requirement of the 
aircraft is depicted. 

6.2   Pitching Moment of the Duct 

The pitching moment of the ducted propellers was determined from an in- 
vestigation of the available test data.    The Hiller Helicopters Flying 
Platform truck test pitching moment data (Reference h) oresented in Fig- 
ure 26 represents the forward flight pitching moment characteristics of 
a hovering or static type shroud.    The NACA test data (Reference 22), 
also presented in Figure 26, represents the pitching moment of a high 
speed type shroud.    As previously mentioned, the shroud envisioned for 
the Weight Lifter would compromise those extremes; therefore, an average 
value of pitching moment coefficient was approximated for the Weight 
Lifter ducted propeller, as shown in Figure 26. 

References h and 22 show a significant decrease in pitching moment with 
increasing ducted propeller forward tilt angle.    This further substantiates 
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lolutiur. r^r prixijcln^ ■ fonMitl prq ..^t/r r ret, 

Frow iht Mtm>o4 Mtuht :.fur <k*n piwhir^ »owmi curw, fi^are 
Iht resultli^     I     v MMnt   M.    of the ducud propolUra tl U» m*i 
mm »Ircmfl v«locity emti u.e ^ulfi conalnon a«»erib«d in Section 6.1 
bteoMs 

MJJ     r'000 ft-lb 

•a a noae-up or positive »oneni. 

&.3   Pitching Mowant tiu« to Threat Vecior 

Th« pitching »a«anl of the .»ircrafi tfco to Uw dlapUeeÄani of ih« thruat 
vector fro« the aircraft center of   ;ravlt; roji th.e thruat 
vector and the allona; lo QJ trai      . fined in Section ...).!>.   Aa it is 
r.ore efficient to provide :       • .itr'.+m in hovering cr ver- 
tical flight »flth h lifting fore«? at the I oction    the 1 arrest por 
tlon of the OQ range waa ea"    II if!  9f the vertical thruat vector. 
This arrangenent cauaea a noae-up pitching nonent   which requires a 
lifting force fron the residual thrust noztle for equlllbrlun.    The CG 
travel was United to 1. ft of the centerline of the ducted pro 
pellers In the hovering poaitior,   and 0.5 feet forward of the centerline. 
This proportioning re^ulrca «all   sownward forces fro« the reaction 
controls at the most forwaru :,     • . reasonably obtained upward reaction 
forces at the most aft CO location    It also utliues a lifting force at 
the tall throughout the greatest portion of the CO range. 

This range of CO locations was found to be quite feasible.   The three- 
view drawing of the representative Weight Lifter shown In Figure 19 de- 
picts the general arrangement of the major components which provides the 
proper center of gravity range. 

The pitching moment due  to the misalignment of the thrust vector and CO, 
M-,  for the maximum forward velocity becomes 

MT - 17^,000 ft lb 

for the most aft CG location. 

6.1;    Pitching Moment from Residual Thrust 

The residual thrust is utilized both in hovering and forward flight as a 
stabilizing moment.    During hovering and vertical flight,  the pitching 
moment produced by the reaction control system must counteract the moment 
created by the misalignment of the thrust vector and the aircraft CG 
(Section 6.3)..    The representative Weight Lifter requires 2,600 pounds 
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rMCtlon control force to i>*Unce ihia thrust prouuced noMnt at tho 
noot «ft OQ location.   «Airing forwarU flight   the residual thrust voctor 
pUMS abovt lh« aircraft 05   thereby contributing to the aircraft a 

ny.   Tha nonant produced by th< »I thrust is found 'o be 

MJJ -  '.,,000 ft-lb 

at the aaxlflu» flight velociiy. 

o,S   Pitching Hontnt of the Horlaonta; Tail 

n.or coruitions of naxlnun rorwr. . ec vertical 
/~i.  ■■•.€ total pitch:?    -JT-       uon fr« tropcllera, 

it »l8ali|jn«ent7 i - noae-up or 
fos^tlve aowent.    k negative pltchmf' ao» nt due to l^.« residual thrua* 
roduces the forward fll^it positiv. i ■  •    «onent to   06.00c ft lb. 
which «ust be balanced by tno horizontal  uil  m order to establish 

ill rlan in pitch. 

The pitchim: aonont of the horuonia.  lall was base^ or. a lift carve 
slope of 0.06   for an aspect ratio ... ..-face (Reference 1. ).    It 
was assuned that the taii had an efficiency of 

\ 0-' 

This efficiency la 'tuito firbltrar ■. •••   .i>:    :" ::.fomation cor. 
cemimt the_wake of a highly leaded   I propeller     It is possible 
that a variabie Incidenpe horizontal  taij would be rex-ired to      .• ■ 
the v       ■    • >. wash as the ducted jropclier tilts to produce varl: 
ous fli; •    ;   ■ ...     : •■ •   r:zonin)   tail wonent   -rr for ih« representative 
aircraft is 5^ feet to the nosi rearward CO location.    From the above 
values, a horizontal Uil area was determined which provides the neces- 
sary enuilibrlum. 

The preceeding pitching moment characteristics of the Weight Lifter re- 
quire a horizontal stabilizer of approximately 3$0 square feet to produce 
an equilibrium condition throughout the range of flight speeds.    L'ue to 
the ^ross assumptions required to estimate the moments of a ducted pro^ 
peller type aircrtft,  no attenpt was made to design the horizontal sta- 
billzer to meet static and dynamic stability requirementsj  rather^  it 
was felt sufficient to determine that a reasonably sized horizontal 
stabilizer could apparently overcome the unstable pitching moments gen- 
erated by the ducted propellers and fuselage. 

6.7    Rolling Moment 

The rolling moment in forward flight is generated by differential thrust 
of the ducted propellers.    This differential thrust is accomplished by 
changing the collective pitch of the ducted propellers. 
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o.S   Ysnin«; Mowcni 

Man roll control ui «friled during forward ni^ht. the roll-ya* croaa 
coupling Mill produce e yawing nonrnt of less then 0.? of the applied 
rolling nonent.   this results froa «J«: r^ct that while the ducted pro- 

■cller Is tilted forward ss such %a >S aegrtes, the resultant thrust 
vector Is tilted forward lest than 10 «iegrees.   The yawing nonent In- 
duced by the roll control cun be counteracted easily t>y a 4*00 pound force 
fron tie vortical tail. 

0.9   yorcea ilecessary for Cwtrol ^nnt; Hov^nn^ and Vortical Flight 

An Investigation of the control tjradlenu hovering for 
«i'.copters ana other proposed vertical take-off cargo transports was 

.jcted (Refer*r.cos 3, • 3, ana Ik) to detemlnc the forces necessary 
for adeouaU control of the Weight Lifter during hovering and vertical 
flight.   The accelerations detemlneo hs   i result of this prellJilna^ 
study are üK- fo.. JM .*./ 

11)   Pitch reaction control 0.3 radian/second 

)   Yaw reaction control 0..   radian/second 

(3)   Roll differential thraai control     0,.  radian/second 

The pitch rvaction c-ntrol force re iired to produce a gradient of 0.3 
radian/second is ),900 pounds acting at the residual thrust nozzle at 
a distance of 69 feot from the r.osl aft aircraft 00. 

- 
The yaw reaction control force re-'.uircd to produce a 0..   radian/second 
gradient Is 3.u00 pounds actLnt: at iho residual  thrust nozzle. 

As mentioned previously .,600 pounds of force at the reaction control 
nozzle is required to balance the ducttjd propeller thrust misalignment 
with the aircraft CG. 

The total force required from the reaction control system as a result of 
applying the pitch, yaw, and thrust balancing forces concurrently was 
determined to be 6;600 pounds.    With the inclusion of the 10 percent 
ducting and nozzle turning loss (Section u.3.?) the residual thrust re- 
quired from the turboshaft powerplants must be a minimum of 7,200 pounds. 
The representative aircraft requires 28.500 horsepower;  therefore,  the 
residual thrust becomes 0.26 x 28,500, or 7,4ü0 pounds.    Thus it appears 
that pitch and yaw control gradients which compare to those of a helicop- 
ter and are similar to other VTOL designs can be generated using only the 
residual thrust of the turboshaft engines.    The required roll gradient of 
0,2 radian/second^ can be developed by a 5,100 pound thrust differentia] 
between the ducted propellers, which corresponds to only a 5.5 percent 
change in the minimum thrust required for hoveringo 

k7 CONFIDENTIA 



CONFIDENTIAL 

?.     CdCtOSKKS AMD iaC(»g«liATI(«S 

M   final Confl^uftlion ^ocripUon 

The Weight Lifter prelUilrary uealgn uee deteminetJ u • retull of an 
•nelyiflfl of five poeslble configure Hone ana a eubs«nuent optUlaaiion 
Investl^etlon of varloue ptnoietere for the selected confUurallon.    The 
final confliuretlon Is shown In figure 19 ae consisting of e pod-end- 

-. r^ela^e upon which «re no'jnted two ducted propellers and conven- 
tional horltontal and vertlcel ull surfaces. 

The ducted propellers are posltloneu horliontally to provide direct lift 
for hovering and vertical flight, and nu? be tilted forward a MXIJUJI of 

> decrees to rrovlde forward propulsion as well.   The counter-routing 
rropellers are powered thro    ■  oxtenelon drive shafts by several Inter- 
connected tuitosheft engines mounted In tto tof of the fuselage. 

The residual Uirust of the tortoshaft engines Is ducted through the fuse- 
lage boo« to a thrust diverting nozzle at the aft of the boo*, and pro- 
vides the pitch and yaw control forces In hovering,    the ull surfaces 
furnish pitch and yaw control In forward flight, while the residual 
thrust Is utilized to supplement the forward propulsive force of the 
tllUd ducted propellers.    Roll control  Is supplied by differential 
thrust of the ducted propellers In both hovering and forward flight. 

The Urge fuselage, with a cargo volume two to three times that of exist- 
ing fixed wing transports, may be loaded through large doors at either 
end.    A helicopter type pilots' compartment Is mounted at the nose of the 
fuselage to provide a naxlmum field of vision for hovering and vertical 

The Weight Lifter design has been optimized at various overall sizes to 
iccomodate the specified range of payload, as shown in the following Uble: 

Payload 7 tons lo tons 
Gross Weight 60.1i00 lb 135,000 lb 
Power Required 18,200 HP 140,800 HP 
Ducted Propeller Dia. 18 ft 26.7 ft 
Range 180 n.mi. 135 n.mi. (Reference, 
Max. Velocity 150 knots 150 knots Figure 27) 

The three-view drawing shown in Figure 19 is a representative aircraft, 
designed to accomodate an average payload of 11 tons. 

The optimum disk loading was found to be 150 pounds per square foot, 
on a criterion of maximum payload ton-mile per unit gross weight. 

based 

A significant feature of the Weight Lifter design is the use of conven- 
tional components and construction methods wherever possible, which con- 
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tribuf to lo» -4 iflcrM—a rtlUMlu/ An tiawolt of thli i» 

Tho Volfhi UfUr rtqulrtt • rtUUvely snül slu fron which to oportU, 
a« tvldtncoo by iht rtproMnUtivo tire raft shown In Fl^urt 19, which la 
anconpaaaad in an araa with • dlantur of tpproxlmttly 100 faat.   The 
tncloaura of tht critical whirling propallara In ahrouds adds to the 
suitability of tht Valfht liftar for operation in closa quartars. 

7,? Purthar Studlas aacownsndad 

A lack of thaoratical >nd axparlnsntal infom»' ior. or. .. •• i propallsrs 
has nscassltatad £roaa assunptlons in tha ctlcuIaTlona inyolvad in thia 
analysla of an optüa» Wskht Liftar confUuratlon. In ordar to raflna 
this study and to aid futtira ductad propallar Invastlgations, It Is 

^ recowwandad that both static and wind tunnal uatlnn ba conductad in ad- 
dition to thaorstlcal rasaarch on tha parfomanca and stability of ductad 
propallars. 
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PALO   ALTO,   CALirORNIA 

TWO   DUCTED   PROPEILLEP 
MOUNTED   AT    TIP OF  STRAIGHT WING 

Wk DRAWN 

APPVO 

^^ 10 18 S6 
DATE 

ORAWINO NO. 
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PklO   ALTO,   CALIFORNIA 

TWO DUCTED   PROPELLER 
MOUNTED ON  FUSELAGE   BETWEEN  TWO WINGS 

SCALE 

NONE 
DRAWN 

APPVD 

OATl       If   i&5i 

DATC 

DRAWING NO. 
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PALO   ALTO,   CALIFORNIA 

THREE DUCTED PROPELLER 
BUILT IN   DELTA WING 

SCALE 

NONE 

ODAWN  DL COLEMAN 

APPVU 

DATE   10-18-'56 

DATE 

DRAWINO NO. 
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PAIO   ALTO,   CALIFORNIA 

TWO   DUCTED   PROPELLER 
MOUNTED ON  FUSELAGE 

RCALC 

NONE 
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APPVO 

^^0-10 56 
DATE 

ORAWINQ NO. 
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PALO   ALTO,   CALIFORNIA 

FOUR  DUCTED  PROPELLLR 
MINTED ON   FUSELAGF 

SCALE 

NOME 
DRAWN 

APPV'D 

DATE    OIB-Jb 

DATE 

DRAWING NÜ. 
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FIGURE 6: HORSEPOWER REQUIRED FOR HOVERING + 20% FOR CLIMB 
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FIGURE 7: VECTOR DIAQRAM OF FQRCE3 (EQUILIBRIUM CONDITION, LE7HL. FLIGHT) 

CONFIDENTIAI 



I 
CONFIDENTIAL 

HP 

FIGURE 8:    HORSEPCWER REQUIRED FOR LEVEL FLIOHT} TILTINQ DUCT 
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HF 

FIGURE 9: HORSEPOWER REQUIRED FOR LEVEL FLIGHT; 
FIXED DUCTS AND PUSHER PROPELLERS 
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P » K.OOO lb 

OpUau« Rawlti 
VQ ' 79,000 lb 

we • $0 lb/ft2 

— ft. 
^AfalUblt 

'toquirtd 

_L Optiiua 

W0 x 10"
3, lb 

FIGURE 10: Rp GRAPHICS METHOD OPTIMUM DESIGN FOR WO-DUCT, NO-WINO VfEIGHT LIFTER 
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> » ».000 lb 

H, 

Oplimm Rtfultt 
Wr • 108,000 lb 

»   • 86.) lb/ft* 

rAvalUbl0 

Rfequlrtd 

i»Ä (lb/ft 

WQ x 10'3, lb 

FIGURE 11: It. GRAPHICAL METHOD OPTIMUM DESIGN FOR FOUR-DUCT WEIGHT LIFTER 
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FIGURE 12: DISK LOADING FOR MAXIMUM R/Wr 
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FIGURE 13:    DUCT EXIT TO FREE STREAM VELOCITY 
RATIO FOR TILTING DUCTS + RESIDUAL THRUST 
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FIGURE 1U:    T FOR TUTINQ DUCTS ♦ RESIDUAL THRUST 
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FIGURE 15: H0R3EPOWHI REQUIRED FOR LWEl FLIQHT| TUTINQ DUCTS ♦ RESIDUAL THRUST 
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FIGURE 16:    OPTIMUM WEIGHT LIFTER MAXIMUM LEVEL FLIGHT VELOCITY 
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FIGURE 17:    REQUIRED PROPELLER DUKKTBR 
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FIGURE 18: DUCT TILT ANGLE FOR LEVEL FLIGHT 
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FIGURE 21: SLIPSTREAM DEFLECTION OF A DUCTED PROPELLHl IN FORWARD FLIGHT 

CONFIDENTIAL 



CONFIDENTIAL 

2 Uict, no wing 

ii Duct, no wing 

2 Duct, vlngtip 

FIOORE 22:    Rp AVAILABLE FOR VARIOUS AIRCRAFT COMFIOURATIONSj 

EFFSCTIVE DISK LOADING - 50 lb/ft2 
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i Duct, no wing 
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FIQURB 23:    Rj, AVAIUBLE FOR VARIOUS AIHCRAFT CONFIGURATIONSj 

EFT-'ECTIVB DISK LOADING - 100 lb/ft2 
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FIQURB 2h:    Ky AVAILABLE FOR VARIOUS AIRCRAFT CONFIGURATIONSj 

EFFECTIVE DISK LOADING = ISO lb/ft2 
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FIGURE 25: Rp AVAILABLE'FOR VARIOUS AIRCRAFT OOKFIQURATIORSj 

EFFHCTIVE DISK LOADINO '-  200 lb/ft2 
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FIGURE 26: DUCTED PROPELLHl PITCHING MOMENT COEFFICIENT 
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FIGURE 27:    VARIATION OF QR03S WSIQHT AND HANOI WITH 
PAYLOAD FOR OPTIMUM DK3IQN TWO-DUCT WKIQHT LIFTHi 
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